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Cytochrome P450 family member CYP51A1 is a key enzyme in cholesterol biosynthesis whose dereg-
ulation is implicated in numerous diseases, including retinal degeneration. Here we describe that
HAdV-37 infection leads to downregulation of CYP51A1 expression and overexpression of its anti-
sense non-coding Alu element (AluCYP51A1) in retinal pigment epithelium (RPE) cells. This change
in gene expression is associated with a reversed accumulation of a positive histone mark at the
CYP51A1 and AluCYP51A1 promoters. Further, transient AluCYP51A1 RNA overexpression correlates
with reduced CYP51A1 mRNA accumulation. Collectively, our data suggest that AluCYP51A1 might
control CYP51A1 gene expression in HAdV-37-infected RPE cells.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Alu elements are the most abundant repetitive DNA sequences
in the human genome with nearly 1.4 million copies [1]. The
majority of Alu elements have been reported to be transcriptionally
inactive [2,3]. However, several studies have addressed the func-
tions of transcribed Alu RNAs and have proposed that Alu RNAs
could act as important posttranscriptional regulators of gene
expression [4–6]. Also, Alu RNA accumulation has been shown toinduce degeneration of retinal pigmented epithelium leading to
blindness in mice [7].
Alu RNA expression is normally low in standard cultured human
cells but can be transiently induced up to 20-fold under cellular
stress conditions such as virus infection or heat shock [6,8].
Previous results have shown that HAdV-2 and human adenovirus
type 5 (HAdV-5) infections lead to Alu RNA overexpression in
HeLa and NIH 3T3 cells [9–11]. Here we have extended these stud-
ies to human human adenovirus type 37 (HAdV-37), a serotype
that causes a severe inﬂammation of the cornea and conjunctiva,
known as epidemic keratoconjunctivitis (EKC) [12].
The cytochrome P450, family 51, subfamily A, polypeptide 1
(CYP51A1) gene encodes the most conserved member of the cyto-
chrome P450 superfamily of enzymes, which catalyze the rate lim-
iting step of lanosterol 14a-demethylation in the cholesterol
biosynthesis pathway [13,14]. Cholesterol is a vital constituent of
cell membranes, modulating the ﬂuidity and permeability of the
membrane. Previous results have shown that defects in cholesterol
biosynthesis results in a variety of severe diseases including retinal
degeneration [15,16]. Here we show that a HAdV-37 infection
leads to a selective accumulation of a unique Alu RNA in human
retinal pigment epithelial (ARPE-19) cells. This speciﬁc Alu RNA
originates from a single copy Alu element embedded in an
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called AluCYP51A1 gene. Further, we provide evidence that a
HAdV-37 infection leads to a downregulation of CYP51A1 mRNA
expression in ARPE-19 cells. The reciprocal changes in gene
expression are accompanied by a reduction of the positive
H3K4me3 histone mark at the CYP51A1 promoter and an increase
of the same mark at the AluCYP51A1 promoter. Finally, we also
demonstrate that CYP51A1 mRNA expression is decreased by
transient overexpression of its antisense AluCYP51A1 transcript in
ARPE-19 cells.
2. Materials and methods
2.1. Cell culture and virus infections
HeLa (ATCC CCL-2™) and human retinal pigment epithelial
(ARPE-19, ATCC CRL-2302™) cells were grown in DMEM or
DMEM/F-12 (Gibco), respectively, containing 10% fetal calf serum
(FCS), 1% PEST at 37 C in 5% CO2. For infection, HAdV-5 or
HAdV-37 viruses [17] were diluted to a suitable concentration
(see Figure legends) in DMEM or DMEM/F-12 containing 2%
FCS. After 1 h of infection, the infectious media was replaced
with DMEM or DMEM/F-12 containing 10% FCS and 1% PEST.
Infected HeLa and ARPE-19 cells were harvested 24 h post
infection (hpi).
2.2. Plasmids and transient transfections
Plasmids containing the wild-type AluCYP51A1 gene (pUC57-
AluCYP51(wt)) and the Box B deleted variant (pUC57-AluCYP51
(-BoxB)) were synthesized at GenScript USA Inc. Reporter plasmid
pMirGlo-30UTR contains the 30-UTR sequence of the CYP51A1
gene (ENST00000003100, NM_000786.3) embedding the
AluCYP51A1 genomic element. The CYP51A1 30-UTR was cloned
by PCR ampliﬁcation using appropriate primer pairs and inserted
between the PmeI and XbaI sites in the pMirGlo vector (Promega).
Exact plasmid maps and sequences are available upon request.
Transient transfections were performed with the jetPRIME
(Polyplus Transfection) reagent according to the manufacturer’s
instructions.
2.3. Total RNA extraction and qRT-PCR
Total RNA extraction and cDNA synthesis was performed as
published previously [18]. Puriﬁed RNA was also treated with
DNaseI (RapidOut DNA Removal Kit; Thermo Scientiﬁc) to remove
genomic DNA from the RNA preparations before performing cDNA
synthesis. RNA expression was analyzed by quantitative reverse
transcription PCR (qRT-PCR) on an Applied Biosystems 7900HT
system (Life Technologies) using HOT FIREPol EvaGreen qPCR
Supermix (Solis BioDyne). cDNA levels were quantiﬁed using the
DDCt method [19]. Relative expression of CYP51A1mRNA was nor-
malized to HPRT1mRNA levels. The primer sequences are available
in Supplementary Table S1.
2.4. Cytoplasmic RNA extraction
Cytoplasmic RNA was isolated by resuspending cell pellets in
RNA extraction buffer [25 mM Tris–HCl pH 7.5, 150 mM KCl,
2 mM EDTA pH 8, 0.5% (v/v) NP-40, 5 mM DTT, 1 Complete
Mini Protease Inhibitor (Roche)] and incubated on ice for 10 min.
After centrifugation the supernatant was mixed with a 5 RPS buf-
fer (0.5 M Tris–HCl pH 7.5, 2.5% SDS, 50 mM EDTA pH 8.0) solution
and extracted once with phenol/chloroform/isoamyl alcohol solu-
tion. Thereafter RNA was precipitated with isopropanol and ﬁnally
dissolved in H2O.2.5. Northern blotting
Northern blotting was performed as described previously [20].
Brieﬂy, total RNA was separated on a denaturing 12% polyacry-
lamide gel and transferred to a Hybond NX membrane (Amersham
Biosciences). The membrane was hybridized with c-32P-labeled
AluNor probe (Table S1) detecting transfected AluCYP51A1 and
endogenous Alu RNAs. Radioactive signals were detected by expo-
sure of membranes to a PhosphorImager screen (Bio-Rad) followed
by signal analysis with the Image One software (Bio-Rad).
2.6. Primer extension analysis
The experiments were initiated by mixing 5 lg of cytoplasmic
RNA with 6 ll 5 SuperScript buffer (250 mM Tris–HCl pH 8.3,
375 mM KCl, 15 mM MgCl2) and 2 pmol of c-32P-labeled Alu
reverse or 7SL reverse primers (Table S1) in a total of 15 ll. For
hybridization, the reaction mixture was incubated at 70 C for
10 min, cooled down slowly to 45 C and then transferred to an
ice bath. Primer extension reactions were initiated by addition of
3 ll 100 mM DTT, 3 ll 5 mM dNTP, an appropriate volume of
H2O followed by 200 U SuperScript II Reverse Transcriptase
(Invitrogen) (ﬁnal volume 25 ll). After 1 h incubation at 45 C
1 ll 5 M NaOH was added and the reaction mixture further incu-
bated at 65 C for 20 min. The cDNA was precipitated by addition
of 1/10 volume of 3 M sodium acetate, 1 ll 5 mg/ml glycogen
(Fermentas) and 2 volumes of ice-cold 99% ethanol. The pelleted
cDNA was dissolved in loading dye (80% formamide, 50 mM Tris–
HCl, pH 7.9, 10 mM EDTA, 0.025% bromophenol blue/xylene cya-
nol). Samples were separated on 8% denaturing polyacrylamide
gel. Radioactive signals were detected and analyzed as described
above.
2.7. Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed as reported previously [21], with fol-
lowingmodiﬁcations. HAdV-37 infected (50 FFU/cell) ARPE-19 cells
were crosslinked with 0.37% formaldehyde for 10 min at 37 C after
24 hpi. Immunoprecipitations were performed from 2  106 cells
with Protein A/G magnetic beads (Pierce) coupled with anti-H3
(total, Abcam, ab1791) and H3K4me3 (Diagenode, pAb-003-050)
antibodies. As a speciﬁcity control non-antibody coupled Protein
A/G magnetic beads were used. Immunoprecipitated DNAwas ana-
lyzed by qPCR with primers indicated in Table S1. H3K4me3 occu-
pancy (% of input) was normalized against total H3 occupancy after
subtraction of speciﬁcity control values. The data is shown as rela-
tive occupancy of normalized H3K4me3 (H3K4me3/H3) at speciﬁc
genomic region.
2.8. Luciferase reporter gene analysis
ARPE-19 cells seeded on 96-well plate (104 cells/well) were
infected with HAdV-37 (50 FFU/cell) for 1 h. Following infection
the cells were transiently transfected with pMirGlo or pMirGlo-
30UTR reporter plasmids (100 ng/per well) by using the jetPRIME
reagent. The cells were lysed with 1 Passive Lysis Buffer
(Promega) 22 h post transfection. The expression of target Fireﬂy
luciferase and control Renilla luciferase proteins were detected
by the Dual-Luciferase Reporter Assay System (Promega). The tar-
get Fireﬂy luciferase values were normalized to the control Renilla
luciferase values.
2.9. Alu RNA sequencing
ARPE-19 cells were infected with HAdV-5 or HAdV-37 at
100 FFU/cell. Cells were harvested 24 hpi and lysed in RNA
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and AluI (New England Biolabs) enzymes overnight at 37 C to
eliminate genomic DNA contamination in the samples. Enzyme
treated RNA samples were re-puriﬁed by phenol extraction and
reverse transcribed with random or Alu RNA speciﬁc primers by
using the SuperScript II Reverse Transcriptase (Invitrogen). 10%
of the cDNA reaction was ampliﬁed in a PCR reaction by using
Alu(Fw) and Alu(Rev) primers (Table S1). Amplicons were cleaved
with restriction enzyme XbaI (New England Biolabs) and cloned
into XbaI site in the pcDNA3.1() (Invitrogen) plasmid. Isolated
plasmid DNA samples were sequenced with the T7 primer at
Euroﬁns MWG Operon. Individual clones were sequenced from
the different infections; 36 clones from mock, 35 clones from
HAdV-37 and 19 clones from HAdV-5 infections (Table S2). The
sequence information is available from GeneBank, accession num-
ber KR153194–KR153279.
2.10. Bioinformatic analysis of Alu RNA
Sequencing data were analyzed by using the CLC Sequence
Viewer (CLC Bio) and the ClustalW2 programs. Identiﬁed Alu
sequences were arranged into subfamilies according to Repbase
(http://www.girinst.org/repbase/) program. In order to identify
the genomic origin of identiﬁed Alu elements, sequences were ana-
lyzed with BLAT (UCSC Genome Browser) algorithm and further
conﬁrmed with the ENSEMBL Genome Browser.
3. Results
3.1. HAdV-37 and HAdV-5 infection of HeLa and ARPE-19 cells induces
Alu RNA accumulation
To determine whether Alu RNA expression was enhanced we
performed primer extension analyses using the Alu reverse primer
(Table S1) [7] to detect Alu transcripts in mock-infected and HAdV-
5 or HAdV-37 infected HeLa cells. As shown in Fig. 1A, HAdV-5
(lanes 2–4) and HAdV-37 (lanes 6–8) infections increased Alu
RNA expression whereas the 7SL control RNA expression was not
altered in a similar way. However, a signiﬁcantly higher HAdV-
37 titer (100 FFU/cell, lane 8) was necessary to cause a similar
effect as HAdV-5 on Alu RNA expression (5 FFU/cell, lane 2). InFig. 1. Alu RNA accumulation is induced by HAdV-5 and HAdV-37 infections in HeLa and A
50 and 100 FFU/cell of HAdV-5 (lanes 2–4) or HAdV-37 (lanes 6–8) was analyzed by pri
samples by primer extension. Alu and 7SL RNA panels have been processed from the samconclusion, these results conﬁrm previous observations [9,10]
and additionally demonstrate that Alu RNA accumulation is
enhanced in HAdV-37-infected HeLa cells.
Since Alu RNA accumulation has been suggested to cause cyto-
toxicity and degeneration of human retinal pigment epithelium
(RPE) [7], we were interested in investigating the potential effect
of an adenovirus infection on Alu RNA enrichment in RPE. For this
experiment human retinal pigment epithelial cell line ARPE-19
was infected with increasing amounts of HAdV-5 and HAdV-37,
respectively. As shown in Fig. 1B, both HAdV-5 (lanes 2–4) and
HAdV-37 (lanes 6–8) infections resulted in elevated Alu RNA
expression in the ARPE-19 cells without any adverse effects on
7SL RNA expression (lanes 1–8).
3.2. Speciﬁc upregulation of a unique Alu RNA in HAdV-37-infected
ARPE-19 cells
To investigate whether an adenovirus infection had a general or
selective activation of Alu RNA expression we sequenced the pool
of Alu RNAs originating from mock- and HAdV-infected ARPE-19
cells (Table S2). Interestingly, we found that one speciﬁc Alu RNA
accounted for 75% of sequenced clones in HAdV-37-infected
ARPE-19 cells (Fig. 2A). The same Alu RNA was also slightly
enhanced in HAdV-5-infected ARPE-19 cells. We refer to this Alu
RNA as AluCYP51A1 since a bioinformatic analysis showed that this
Alu RNA originates from a single copy gene embedded in the 30-
UTR of the CYP51A1 gene locus (Fig. 2B and C). Using Repbase data-
base AluCYP51A1was arranged into the Alu Sg7 subfamily. The sub-
stantial increase in relative abundance of clones corresponding to
the AluCYP51A1 gene in HAdV-37-infected ARPE-19 cells suggests
that a HAdV-37 infection speciﬁcally stimulates AluCYP51A1 RNA
accumulation in this particular cell line.
3.3. CYP51A1 mRNA accumulation is reduced in HAdV-37-infected
ARPE-19 cells
Since antisense transcription is increasingly being recognized as
an important regulator of gene expression, we examined whether
CYP51A1 mRNA accumulation was also deregulated during a lytic
adenovirus infection. Therefore, total RNA was isolated 24 hpi from
HAdV-37-infected ARPE-19 cells. As shown in Fig. 3A, a HAdV-37RPE-19 cells. Alu RNA accumulation in HeLa (A) or ARPE-19 (B) cells infected with 5,
mer extension. As a loading control, 7SL RNA accumulation was detected in all RNA
e original image. ‘‘M’’ indicates mock-infected cells.
Fig. 2. HAdV-5- and HAdV-37-infections lead to selective enrichment of AluCYP51A1 RNA in ARPE-19 cells. (A) ARPE-19 cells were infected at 100 FFU/cell and cytoplasmic
RNA isolated 24 hpi followed by RT-PCR cloning of Alu RNAs. The sequenced Alu RNA clones were categorized either as identical to AluCYP51A1 or related to other Alu RNA
sequences (Alu heterogenic). (B) Simpliﬁed illustration of the genomic organization of the human CYP51A1 gene and AluCYP51A1 element on chromosome 7. AluCYP51A1 is
embedded in the reverse orientation in the 30-UTR of the CYP51A1 gene. Horizontal arrows indicate the transcription orientations of the CYP51A1 gene and AluCYP51A1
element. Vertical arrows indicate the relative location of the translational start (ATG), stop (TGA) codons and the location of the polyA site in the human CYP51A1 gene based
on the UCSC Genome Browser annotation (NM_000786.3). (C) The nucleotide sequence of the AluCYP51A1 element. The positions of AluCYP51A1 regulatory elements are
encapsulated into boxes. Labeling of the Box A and Box B sequences is based on the RepeatMasker program.
Fig. 3. Reduced CYP51A1 mRNA expression in HAdV-37-infected ARPE-19 cells. (A) ARPE-19 cells were infected with HAdV-37 at 100 FFU/cell for 24 h. CYP51A1 mRNA
expression was quantitated by qRT-PCR and normalized to HRPT1mRNA levels. Expression of CYP51A1mRNA in mock-infected cells (Mock) was set as 100. The average from
a triplicate experiment is shown. (B) ARPE-19 cells were infected with HAdV-37 at 50 FFU/cell for 24 h. ChIP assay was performed with anti-H3 (total) and anti-H3K4me3
antibodies. Relative occupancy of H3K4me3 is shown after normalization to total H3 occupancy (H3K4me3/H3 ratio) at CYP51A1 promoter and at AluCYP51A1 element.
H3K4me3/H3 ratio in mock-infected (Mock) cells was taken as 1.
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expression. Also, we used a chromatin immunoprecipitation
(ChIP) assay to measure the enrichment of trimethylated histone
H3 (H3K4me3) mark on the CYP51A1 promoter and AluCYP51A1
element. This particular histone mark is associated with transcrip-
tional start sites of actively transcribed genes and has been
regarded as a signature for active gene transcription [22,23]. As
shown in Fig. 3B, the H3K4me3 level dropped signiﬁcantly at the
CYP51A1 promoter in HAdV-37 infected cells. This result is in
agreement with the observation that the cytoplasmic CYP51A1
mRNA accumulation was reduced during a HAdV-37 infection
(Fig. 3A). Also, we observed that the H3K4me3 mark increased at
the AluCYP51A1 element which conﬁrms the ﬁnding that a HAdV-
37 infection stimulates AluCYP51A1 RNA expression (Fig. 2A).
Taken together these results suggest that a HAdV-37 infection sup-
presses transcription of the CYP51A1 gene while causing an
increased transcription of its natural antisense gene AluCYP51A1.
3.4. AluCYP51A1 RNA overexpression can reduce CYP51A1 gene
expression
To investigate whether the HAdV-37 induced antisense expres-
sion of the AluCYP51A1 RNA functions as a cis-acting inhibitor of
sense mRNA expression we constructed a luciferase reporter gene
plasmid where the 30-UTR of CYP51A1 was cloned into the plasmid
pMirGlo (pMirGlo-30UTR). HAdV-37-infected ARPE-19 cells were
transfected with plasmids pMirGlo-30UTR and the control,
pMirGlo immediately after infection, and total cell extracts were
assayed for luciferase activity at 22 hpi. As shown in Fig. 4A, a
HAdV-37 infection of pMirGlo-30UTR transfected cells resulted in
an approximately 30% reduction of luciferase gene expression.
This result suggested that the CYP51A1 30-UTR is a regulatory ele-
ment targeted by the HAdV-37 infection. To gain further evidence
that the AluCYP51A1 RNA may control CYP51A1 mRNA expression
we cloned the AluCYP51A1DNA, together with its potential endoge-
nous RNA polymerase III (RNAPIII) termination signal (Fig. 2C) into
plasmid pUC57, generating plasmid pUC57-AluCYP51(wt). As a
speciﬁcity control we used a construct, pUC57-AluCYP51(-BoxB),
in which the Box B promoter element (Fig. 2C) was deleted. ARPE-
19 cells were transfected with increasing amounts of the plasmids,
and AluCYP51A1 RNA expression was detected in the total RNA pool
48 h post transfection (Fig. 4B). Transiently expressed AluCYP51A1
RNA was easily detected since the natural termination signal for
AluCYP51A1 RNA generates a primary Alu RNA that is approximately
200 nucleotides longer (Fig. 2C) than the mature Alu RNA. As shownFig. 4. Signiﬁcance of the CYP51A1 30-UTR and the AluCYP51A1 non-coding RNA in the reg
at 50 FFU/cell followed by transient transfection of reporter plasmids pMirGlo or pMir
normalized to Renilla luciferase expression. The average from a triplicate experiment is
pUC57-AluCYP51(wt) [Alu(wt)] or pUC57-AluCYP51(-BoxB) [Alu(-BoxB)]. Total RNA wa
analyzed by Northern blotting using a 32P-labeled probe detecting both transfected an
transfection) was quantitated by qRT-PCR and normalized to HRPT1 mRNA expression. Tin Fig. 4B, AluCYP51A1 RNA was indeed signiﬁcantly overexpressed
in AluCYP51A1(wt) transfected cells (lanes 2 and 3) compared to
AluCYP51A1(-BoxB) transfected cells (lanes 4 and 5). The effect of
AluCYP51A1(wt) RNA overexpression on CYP51A1mRNA expression
in ARPE-19 cells was measured by qRT-PCR. As shown in Fig. 4C,
AluCYP51A1 RNA overexpression resulted in an approximately
30% reduction in CYP51A1 mRNA abundance. The observed reduc-
tion was dependent on AluCYP51A1(wt) RNA expression since
CYP51A1 mRNA levels were not affected in cells transfected with
the AluCYP51A1(-BoxB) expressing plasmid (Fig. 4C). Taken together
our data indicate that enforced AluCYP51A1 RNA expression has a
repressive effect on CYP51A1 mRNA accumulation.
4. Discussion
Previous studies have shown that at least two different DNA
viruses, HAdV-5 and herpes simplex virus type 1 (HSV-1), activate
transcription of Alu elements in HeLa cells [9,10,24]. The aim of this
study was to investigate whether HAdV-37, which is known to
cause severe ocular infections [12], also stimulates Alu RNA expres-
sion in RPE cells. The results demonstrate that both HAdV-5 and
HAdV-37 infections cause an enrichment of Alu RNA accumulation
in both HeLa and ARPE-19 cells (Figs. 1 and 2). Further, we show
that a HAdV-37 infection reduces expression of the CYP51A1
mRNA (Fig. 3A), while inducing a speciﬁc accumulation of one
unique Alu RNA, the AluCYP51A1 RNA, in human RPE cells. The
enhancement of AluCYP51A1 RNA accumulation was most obvious
for HAdV-37, making it by far the most abundant Alu RNA in ARPE-
19 cells (Fig. 2A). We also observed an increase in the H3K4me3
mark at the AluCYP51A1 element and a decrease at the CYP51A1
promoter, in HAdV-37-infected ARPE-19 cells (Fig. 3B). The
H3K4me3 mark is an indicator of active gene expression adding
further support to the conclusion that a HAdV-37 infection stimu-
lates AluCYP51A1 transcription while repressing CYP51A1 mRNA
expression. We also demonstrate that transient overexpression of
the AluCYP51A1 RNA results in a suppression of CYP51A1 mRNA
accumulation (Fig. 4C). This ﬁnding implies that the AluCYP51A1
RNA may contribute to the downregulation of its sense transcript
CYP51A1 in HAdV-37 infected RPE cells.
A recent study analyzed the Alu transcriptome of several human
cell lines by using available RNA-Seq data sets [25]. The
AluCYP51A1 RNA we observe in ARPE-19 cells was not detected
in any of the cell lines examined, which could suggest a cell-type
speciﬁc AluCYP51A1 expression. Interestingly, ChIP-Seq analysis
revealed that a substantial amount of Alu elements are bound toulation of CYP51A1 gene expression. (A) ARPE-19 cells were infected with HAdV-37
Glo-30UTR. Fireﬂy luciferase expression was measured 22 h post transfection and
shown. (B) ARPE-19 cells were transiently transfected with 2 or 4 lg of plasmids
s isolated 48 h post-transfection and AluCYP51A1 RNA (2 and 4 lg transfections)
d endogenous Alu RNAs (AluNor; Table S1). (C) CYP51A1 mRNA expression (2 lg
he average of a triplicate experiment is shown.
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and that antisense Alu elements, like AluCYP51A1 (Fig. 2B), have a
higher tendency to be associated to RNAPIII compared to sense-
oriented Alu elements [25].
Based on available data, two theoretical explanations can be
envisioned how AluCYP51A1 RNA accumulation relates to the
diminished CYP51A1 gene expression. First, Alu RNA can repress
gene expression by binding to complementary sequences at the
30-UTR of target mRNAs [26,27]. Second, Alu RNA can inhibit gene
transcription by directly blocking RNA polymerase II (RNAPII)
interactions with promoter sequences [28,29]. Hence, it remains
to be experimentally tested whether a direct sense-antisense bind-
ing of AluCYP51A1 RNA affects CYP51A1 mRNA stability or RNAPII
processivity in HAdV-37-infected ARPE-19 cells.
Interestingly, high cholesterol levels have been shown to
enhance the pro-inﬂammatory response in macrophages, thus pro-
viding a link between cholesterol accumulation and the innate
immune response [30]. In this regard it might be of importance
that a lytic adenovirus infection is associated with an enhanced
pro-inﬂammatory immune response in infected individuals [31].
Therefore, we speculate that the adenovirus induced CYP51A1
downregulation observed here could be beneﬁcial for the virus to
counteract the host cell induced anti-viral immune response.
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